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~:

A seriesof testswasmadewitha syecialengineeq~ppedwitha
crossheadandanelasticallymountedcombustioncylinde,r.Theappara–
tuspermittedtheisolationandiaeasurcmentof thefrictionforces
existingbetweenthepiston”ringsandthecylinderwallduringopera-
tionoftheengine.Variouscombinationsofpistom.%ingandcylinUr-
sleevematerialswereinvestigatedinadditionto theeffectsof several
engineoperatingconditions.

Itwasfoundthatundertheconditionsof theteststheuseofa
porouschromimpl.atedcylindercausedslightlygreaterringfriction
thana smoothsteelcylinderandthata porouschrom+platedtoppiston
ringlikewiseincreaseathefriction,althou@toa smallerdegree.It
wasalsofound.thatpiston-ringfrictionincreasedwithincreasede~ine
speedandwithincreasedmanifoldpressure,butdecreasedwithincreased
cylinderJackettemyeratwre.

I

INTRODUCTION

:,.

Theinvestigationdesc~bedin thisreportisa continuationofthe
workbegunby ForbesandTeylor(reference1),whoisolate&thecombined
piston-skirtandpiston-ringfrictioninen operatingenginebymeansaP
a specialapparatus.ForbesendTWlor wereableto demcnetratethat
thepistonandringfrictionincreasedwithincreasedoilviscosityand
Increasedslightlywithincreasingindicatedmeemeffectivepressure.
Theconibinedpistonandringfrictionwasgreaterathighervaluesof
engine”sp%a. Theseresults.wsr6ofa preliminarynature,however.

Theworkreportedby Leq andJoveUe.nos(reference2)extended
theuseof theori~inalapparatusto showmat ~istonandringfriction

. decreasedquiterapidQduringthefirsthourOf m~ (st&tirgwith
newringsandcylinder)andmoreslowlyforanextendedyeriod

k“.
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thereafter.An interesting resultof this investigationwastheobserva- .
tionthatthefrictionworkmsasuredduringthe~roces~of’ring-scuffing
wasnotgreaterthanthatfornormaloperation.

Theresultsofthesepreviousinvestigationsappearedto showthat ““ ‘-
thetechniquedevelopedwasSoundandcouldyieldusefti”infoma.tion. ““””–
Itwasdecided,there~ore,to.ex@.ndthest@iesto

Y
lude,additlon+. .. .....

variables(euchas>ingmd cylindem.h~l~terids andtocheckthe
originalresultsof.r@etinc61. ,. —:

...

In theinterestsof isolatingthevsrie.blesascompletely‘aspossi-
ble,however,itwas~citi~thattheapyar~tusused~nMe tests
reportedinreferences1 and2 shouldbe changedby incorporatinga ““
crosshead.Thismodificationwould permitoperationoftheengine ,
withonlythepistonringsIncontactwiththecombdstloncyll.nder.

.- —.
A furtherchangeintheapparatuswas.theuseofrx.chstifferdi-

aphragmspringsfortheco~bustion+ylinder”suspension.Theobjectof
thisc~~e wast~-~ncr~~se~h~~“ttiti”fr~quenc~Of~hecy~ndti~-ind.
thusimpruvetiedetailof thefrictionrecordsobtained.Thisincrease
in stiffnessofthemeasuringsystemrequireda moresensitiverecordi~
device,andconsequentQ~electroma@etic”arraWementwassubstituted.
fortheori.ginalopticalsystem.

.- —

—

,

.
..

Theforegoingchangesin theapparatuswereinc%-bntaltoinvesti-
gatingtheeffectsofenginespeed,load,andcylindertemperatureon
p~ston-.rhgfriction.Tl@sinvestigationwasconduc~dat the
MassachusettsInstituteofTechnolowunderthesponsorshipend~th-
thefinancialassistanceoftheNationalAdvisoWComnitteefor
Aeronpmtice.

Theauthorsarein~bted.toMr.W. A. Wary andMr.
J.U. Jovel.lenos,whosepreviousexperiencewiththeapparatuswasin-
valuable;andto~feesorsE. S.TaylorandC.F. T~lor forcriticism
andadvzce. —

DEsmmoNOFAPIKRmJs ‘

Engine
—

Cyliqderandcylinderhead.-Themethodusedinthisinvestigation.——
wasbasicallythes~e aS the.gethodusedtiJForbesandTaylor(refer-
ence1)andI&ry and’Jovelknos(reference”2).It c~nsiste”din
elasticallymounting”thecombustion-cylinders16evesothatfrictfon

.

forcesbetweenthepleeveandthepistonringscouldproducea small
v

, ,: . .
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* motionofthesleeveparalleltoitsaxis. ~.T& motionwas recorded
duringoperation’andprovideda me~tiementof theinsl%ntemeous
fricttonforces. .,

.,

Figuxe1 showsthecylinderandcrossheadassembly.Thelight
cylindersleevewasclsmyedontheinnercircumferencesof twosnnular
steeldiaphragms~rings.Theouteredgesof thesediaphragmswere ‘
clampedtoa heavycas~ironcylinder,Thespacebetweensleeveand .
cylinderformedthewaterj-acket.Theclampingwasaccomplished.by’the
cylinderheadat oneendenda steelplateat theother.

.,
me cylinderheadwasprovidedwithunsplitjunkringswhich,to- “.

gether@_thoilsuypliedunderpressure,formeda ,sealwhicheffectively“
closedthecotiustionchamberagainstgasleakage.Theseringshada~,
proximately0.002diametralclearance withinthesleeve.Thejunk-ring
grocmesweredeepenoughtoallQwtherin@ tocenterthemselvesprop- .
erlywiththe.sleeve.Thelandkbetw”enthe~umk’ringshada diameter
s~ll enoughtoensurethattherewasno”contactwiththesleeve.

.
Ventholeswereprovidedinthecylinderheadtoallowoiland

.

gaseswhichleakedpastthejunkringstoescapeandthusavoida rise,
inpressuzzeabovetheup-~rdiaphragm.In ordertoreducesuchga-s
leakagetoa minimum,a meteredsupplyof oilwasintroducedunder
pressureintoa passageleadingtothejunk--kinggrooves.Most ofthis
oilescapedthroughtheleak-offpassagesabovethediaphr~, butsome
founditswqvintothecombustionch~ber~d ontothecylinderwall,
where,itprovidedpiston-ringlubrication.Thecylinderheadwascooled
by coldwaterflowi~throughitsjacketpasea@8.”bw temperatureof
theheadwasdesired’inord&rtokeeptheoilviscosityatthejunk
ringsashighas possible.

.,
Two-spark-plugi?S~S,whichare”showninfigure2,weresealedoff

fromthejacketcoolantby rubbersealswhichexertedno appreciable
constraintonaxialmotionof thesleeve.

Crcssheadand~istnn.-A water-~acketedc~ossheadcylinderwasin-
stalledbetweena C!FRcrankcasesmd,thecylinderassemb~vdescribed-
~revious~.An aluminum-alloycrosshead.,operatinginthisc~linder,
carriedon itsupperenda specialpiston.(Seefigs.land3.) Since
no wristpinwasrequiredforthispiston,thecentralportionwaere-
ducedindiametertodecreaseweight.Thecrossheadandpiston
assemblywasdesignedsothatduringengineoperationonlythepiston
ringstouchedtheupper,orco~bustionjcylindersle”eve.Twooilseals
wereinstalledbelowthecombustioncylinder.Theuppersealprevented. theoilandgaseswhichleakedpastthepistonringsfromescapinginto
thecrankcase.Theseproductswereledoutthrou@passagesabovethis
seal.endthuscouldhemeasured.Thelowersealhelpedtopreventthe

.
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crankcaseoilwhtchlubricated
lubricantsulplied.throughthe

the~crosshead
@nk r~ngsto
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fromcontaminatingthe ●

thecombustioncylinder. —.-
Sleeve-motionmeasuringapparatus.- In.

inWe frict~=records,thedlaphrq~systemwasmadeapproximately
ordertoobtainmoredetail

thirtytimesas stiffas thatusedinreferences1 and2 bymakingthe
lowerdiaphragmspring0.075inchthickinsteadof0.018inch~aspre-
viouslyused. l?heupperspringthicknessremainedat 0.018inch. The
measurednaturalfrequencyofthisstiffsystemwasabout1.100cycles
persecond,andthesprfngratewasa~proximately811j,000poundsper
inch.

Theinoreaseh stiffnessmadeitnecass~ tousea moreseneitiye
methodofmeawringsleeyemotion.Accordingly,tieo@icalsystemused
previouslywasremovedandanelectromagnet
(fig.4).

ticpickupwassubstituted
Thisdevicewasconnectedtoan impedancebyidgecircuit

(fig.5),whichwassuppliedwithcarriervoltageof5000cyclesper
second.Theoutput$romthebridge,whichwasadjustedbothinampli-
tudsandphasetoa nearlyperfect%alancej,vassmplifiedandapplied
to they-axisdeflectionamplifietiofaDuMontType208 oscillograph.
Duringengtneoperationthemotionof @e cylindersleevechangedthe
positionoftheazmaturein thepickupunitandthuschangedthebalanc6
of thebridgeCil?CUit9me edgeoftheresulting~odulatedcarrierwave
wascenteredontheoscillogmphscreenandphotographedfora perme~nt
recordofthesleevemotion.Suchphotographswerermdeby turningoff
theelectrical.sweepprovidedintheoscillographandpro~ectingthe
imageofthe.traceontoa filmwhichmovedwithknownepeedatright
anglesto thedirectionofmotionof thetrace.Figure,6ehowsthe
measuringequipmentschematically.

Thismethodofrecordingthesleevemotionprovedtohaveadequak
sensi,tivi~formeaswingtheextremelysmalldeflectionsin~olved(20
orW30~croint).Calibrationswerema~ by loadingthesleeve-diaphragm
aaseniblywithtestweightsandrecorddngthetracedeflectionsobsemed
on thecathode-rW+@e. Thecelluloidcross+ectionscreenwhichwas
-in~erted”atthetubefaceforthispurposewasleftinplacewhenphoto-
,.graphsweremadeduringengjneoperatim.Theresultinghoti.zontal
linesapyearinginthefrictionrecordsestablisha forcescalewhichis
convenientininterpretingtheresults.Thetopdead-centerpositiond
theenginecrankshaftwasestablishedby a neonlampwhichflashedonce
perrevolutionoftheenginecrankshaft.Lightfromthelampillu-
minateda slit,andem imageoftheslitwasfocusedon
fihuasitpassedthroughthefilmgateh thecamera.
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. OtherAp~atus

Fuebairmixturewassuppliestotheenginefroma
vaporizingtank,anatheexhaust“gaseswerecooledina
foreyaseingintothelaboratoryexhaustsystem.Imlet

steau+jacketed
surgetankbe-
andexhaust

pressuresweremeasureilinthesetanks.TemperatureswereWasured
withmercuzy-in+.assthermometerswithtineexceptionof thelower
crankcaseoilsupply,whichwasnmasuredby a vaporpressurethermom-
eter. Allaccessoryfuel,water,andoilyuinpsweredrivenby electric
motors.Enginetorques.werenmasuredbymeansOfa cra@ledelectric
Jymmnometsranda hydraulicscale.

Pm3mJHE

Run-inTests

.

Thefirstpartof theexperimentsconsistedof~in teststo
deterninethevwiationofrtngfrictionwitlhincreasingrunni,ngtime.
Threecombinationsofringsandcylinder-sleevegaterialswereusedin
thesetestsas indicatedin thefollowingtable.Thenbers 1 to 7 in
thesecondcolumnrefertolocationoftheringsonthepiston,thetop
ringbeingnumber1.

Cylinder-sleevemterial

A.

33.

c.

SAE4140

Slm4140

VsnderHorst~orous
chrome@ate

Rings ..”’

1.
2.
3.
4.
5.

1.

2.
3.
4.
5.

1.
2.
3.
4.
5*

Straight-facedcompression
Straight-facedcompression(fig.7)
Straight-facedcompression~
Beveledoilscraper(fig.8). ~~
No ringused

porouschrome-platedstiaigh-faced
compression(fig.9) ‘
Stra’ight-facedcompression
Straight-facedcompression(fig.7)
~veledoilecraper(fig.8)
No ringused

Sameas inA
DO.”
Do.
Do.
Do.

-,I
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Theringsusedim~eofcastIronwi~~~Rocl$weDharitnessonthe “D i -
scaleof’@-SO andthefollowingapproximatecomposition:

Totdcarbon,percent. . . . . . . . ~ . . . , . . 3.3-3.80
Silicon,percent. . . . . . . : . . .--;, . . , . . 2.20-3,10
Stilphur,percent. . . . . . . : ... .... . . . . . . o.lo~~~
Phosphorous,yercen:t, . . .. . . ,.”. . ; . . . .“j. O.l%l.@

_—

_*ese, ~ercent. . . . . . . . . . . . . . . ; . 0.40-o.80
1401ybdenum,yercent. . ... . .. i.... . . . . 0.50-0.70
Chromium,iyxcent. . , .. . . 1-s.-.., , . .=. -0,20-O.M
Copper,percent, . i . . . 0.7G-O,75 (accordingto section)

ThepistonriWs used are showninfigures7to9.Thetension,gap,
surface-ffnishdataforindividualringsappearintablesI andII,

Diemetra],ringtensionswere~amred beforeandaftereach~-in test
3Ymeansofthedevicedescri%edinreference2.

BeforeeachruntheSAE41k0barrelwaslapped50strokeswith600
emeryusiw”an“oldpistonqmdcast-ironringsasa tool.Afterthorough
cleaning,a lacquerreplicaof thesurfacewasmade,ttndthesurface
conditionwasmeasuredwitha yrofilometer.Theyorousthrowbarrel
wasnot“lapped,butwasrun,intheconditionasreceivedfromtheman-
ufacturer,thatis,witha honedsurface. . ‘

Befoi6-thecombustion-oyl.indersleeveaeseniblywa8installedon tie
en@ne,themotionnieastiingapparatuswasc“alibrated-byloadingwith
testweights. - .-, ..= .-:......

Priortoeachrun--intesttheapparatuswasthoroughlycleaned.and
f.lushe~withfreshoil; Aftmrasseiiiilytherun-intestwasmadewith
the

.

followingconditions: .
Enginespeed,rpm . . . . . . . . . . . . . . . . ...1200
Fuel-a:r ratio . . . . . . . . . . . . . . . . . . Bestpower
s~kadvap . . . . . . . . . . . ..”. . . .. Bestpower
wfoldpressuie) in.wabs. . . ... . . . ... . . . . 28
Crankcaseoiltqm~eratuzze,% . . . . . . . . . . . 185~ p
Oiltemperatuzzeat inlettobearings,% . . . . . 180*2.
Crossheadcylindertemperature“and 0$cotiustioncy”linderteqerature,. . . . ._.. X30>“1
Inletmixture%nperature,% . . . . . . . . .-.. 150*3
Oilpressure,lb/sqin. . . . . . . .... ,.. ~...;. 45
Lubricati~oil SAEaircraft@?ade,no additives

S.S.U.atlOO° F~::::.. .-. . . . ...-=.... 331
S.S.TJ.at210°T...... . ..-”. . . ..–. .”..53

.—

.

Speciff,c~avityat 60°F . . . . .--.,. . . . . . . O.p
A.P.I.deg~esat 60°F 29,3
(oilforallrunswastakin”-f;o~&;&&* b&&i..j “ w

-. - . .

i“
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● Theenginewasrunfor1 hourundertheseconditions,andfriction
recordswerephotographedapproximatelyevery10minutes.Thecombus-
tioncylinderwasthenremovedandcleaned.Replioasweremadeofthe
cylinderandringsurfaces,and-profilometerreadingsmadeofthe
cylindersurface,Themotionmeasuringapparatuswasrecalibrated.

Therun-intestwasthencontinuedforninemorehoursunderthe
listedconditionswithfrictionrecordsbeingphotographedapproxi-
matelyeveryhour. At theendoft~isperiodthecylinderandrings
wereremovedandmeasuredandthemotionmeasuringapparatusrecal
Ibrated.Thisyrocedurewasrepeatedforeachof thethree.combinations
ofringandbarrel.gmterlalsused inthesetests.-Datafromtheseruns

. appearintableI.”

D

.

OtherTeets

Inadditionto therun-intests,a supplementaryseriesoftests
wasperformedto determinetheeffectsofenginespeed}load)andcYl-
indertemperatureORpiston-ringfriction.

Forthe~eteststheSAE4140barreltidringcombination,listed
as A inthefir6tta%leunderProcedurejwasused. Thecylinderwas
lappedandtheothermeasurementsofr@gs and.barrel,weremadeasbe-
fore. Thecombinationwasthenrun-inas intheprevious-tests,and”

.-

dataweretakento serveasa checkontheoriginalrun-intest.How-
ever,thefrictionrecordsphotographedduringthischeckrun-inwere
ofno valuequantitatively,sinoethecalibrationofthemeasuring
apparatuswasuncertainbecauseofthepresenceofmoisturewhichleaked
intotheelectromagneticpickupunitduringthetest. Nevertheless,the
barrelandringsat theendof thistestwereina run-incondition,and
itwasassumedthatfurtherchangesinfrictiondueto changesinbar-
relandringpwouldbeminor.

Afterinspectionandmeasurementoftherun-inbarrelandrings,
theapparatuswascalibrated,reassembled,andrunforan hourto
establishtemperatureequilibrium.Fricttonrecordswerethanmadewith
theenginerunningfullthrottle(manifoldabsolutepressure,28 in.Q3
abs.)andthrottled(20in.Hg abs.)at a speedof 1200rpm. Next,full-
throttlerunsweremadewithcylinderjackettemperaturesof 203°)180°,
150°and100°F. Follow~nRtheserunstheenginespeedwasvariedfrom
1400to310
180°F. The
calibrated.

rpmat fullth~ottleanda cylind=rjackettemperatureof
enginewasthendisassembledandthemeasuringapparatus
TheresultsofthesetestsappearintableII.

,,

.,
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,,

apparahuewasR@ e
.,beforeandaftereachrun. If thesecondmeasuretint-tieclifferent

. frowthefirstbymorethan2 percent,therunwasre~ected.The
valuessho~ intablesI ad ~ areme e,ve~~esofmeasurementsmade
beforeandafterthe~ ineachinstance.

A possiblesource”oferrorwasintroducedby tie~ti iiqy onthe
c~l.ind~rhead, If theseringsbecamefouledandstuckdur3w operation,
thefrictionrecordtec~ great~alteredinappe~”anceandshowed
largediscontinuitiesandlessevidenceof sleevevitiationat itsnat--
uralfrequency(becauseof thedampingintroduced). Comparativelylittle
difficultywasexperiencedfromthiscause,however,anditisbelieved
thattherecordsusedinthisreportarefreefromtheseti.StOrtioDe...

Thedeterminationsoffrictionmea?neffectivepress-tie“mad6from
measurementsofanyonecycleare,on theaver&e,reproduciblewithin
*2~ercent.Variationsin.thbshayeof thefriction@cordfromone
Cycleto thefiextona givenfilmusuallydonotapyeartobe s@d_f-
icantevenwhenthefilmisenlargedmanytimes.

IUEULTSAND

Run-in

IMgure10 showsthevaluesof
plottedagainstrunningtime.The

DISCUSSION

Tests

piston-ringmeanef~ectivepresswe
piston-ringmeaneffectivepressure

wasmeasured.fromenlargedfrictionrecordsinthemannerdescribedin
reference2:andisdefinedas

fmep= Frictionwork..for1 revolution,in.-lb.— —-
Yistondisplacement,cu in.

ThedataaretakenfromtableI. It isapparentthatno largechanges
inringfr~ctionoccurredatanytimeduringtherunning-@period.It
wouldappear,however,thatthereisa ratherdefimit~.trendtoward
slightlyreducedfrictionduringthefirsthouror soof runninginthe
caseofrunsintablesI(a)andI(b). Thevaluesoffrictionworkcom-
putedfromrecordsmadeduringthisperiodforthechrome-plated
cylinder(tableI(c))arenotconsideredquantitativelyreliableand.

-..

.

e .—

---

t

.-.—
. -.

-.

—.

.

arenotshown. .— . .-

.

-.
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TQedataforthere~inderof
domscattering.Thecauseof this

therun-inperiodshowa ratherra.n-
effectisnotknown,%utitmy be

duetoerrors-ofvariov.skinds(mentionedpreviously‘~derPrecisionof
FrictionMeasurement)ortoreal.variationsinerqineconditionswhich
werenotmeasuredinthisinvestigation,Theinvestigationreportedin
reference3 mentionsa slowrotationofpistonri~s observedduring
motoringtestswitha glass,cylinder,&ndsuggeststhattheresulti~
variationof quantitiJofoilon thecylinderandpistonmayaccount
fortheotherwiseunexplainedperiodicvariationsinthefrictionofa
runningengine.It should“Denoted,however,thatafterthefirsthour
thetotalring-frictionworkforeachof-therunsoffi~ure10 seldom
deviatesfromconstsmtbymorethen0.5poundpersquareinchequiva-
lentfrictionmeaneffectivepressure.It appears,ingeneral,thou@,
thatthechrome-platexibarreloperatedwithallcast-ironringshad
thegreatestfriction,andtheSAE4140barreloperate~withallcast-
Ironringsthelowest.TheSAE41~+0barrelwitha chrome-platedtop
ringgavethemosterraticresults,butthefricticmworkon theav-
erageisintermd.iatebetweentheothercombi=tions.

It-isof interestalsothatthefrictionworkforthecompression
andexpansionstrokesis considerablymorethanthatfortheexhaust
andinletstrokes.Thisdifferenceisprobablyduetohighergaspres-
surebehindthepistonringsorpossiblyto differencesin oilfilm
temperature,orchangesin distributionof oilonthecylinderwall.
Someevidenceof theeffectofgaqyressureon lubricationisfoundin
thetestsreportedinreference3 whichweremadewitha glasscylinder
andshowthatthegaspressureintheenginecylinderiti”luencedthe
amountoflubricanton thepistonskirt,Examinationof thefriction
recordsoffigures11 to21 showsthatthefrictionforceisgreater
duringthecombustionprocess,whenthegaspressureinthecylinder5-s
much@eaterthenduringotherpartsof thecycle,

Thefrictionrecordsforthetestsareshowninfi~resl.1to21.
Fortheserecordsthefilmspeedwas25 inchespersecond.Thever-
ticallines extendingacrossthephotographareindexlinesshoting
thetopdead-<enterpositionof thkpiston.Withtheexceptionof
recordX3thefirststrokeappearingat theleftis thesuctionstroke,
followedbythecompression,power,andexhauststrokes.Morethan2
revolutionsareusuallyrepresented.Thecloselyspacedhorizontal
linescanbe usedasa forcescale,thevalueofwhichis shownineach
instanceintablesI andIIunderRemarks.

ThevaluesoffrictionmesneffectivepressuregivenintableI
andinfigure10areconsiderablylessthanthosereportedinreference
2. Thereasonforthisdifferenceisprobablythatthevahes inref-
erence”,2Zncludepiston+kirifriction;whilethecrossheadused.in the
presentinvestigationpreventedanycontactbetweenthepistonand.the



10 NACA~ NO.~49 .

cylinderwall.Also,theapparatusofreference2 providednorml lu-
bricationof thecylinderwalL;

c
whiletheengtnewiththecroeshead

receivedallcylinderlubricationfromthecylindehheadendthrough
the,funkrings.‘Theeffectofthisdifferenceinlubricationisnot -
krmn becauseofconfusionwithothereffects,suchas thatmentioned
previously.Thepistonringsusedh thepresentinvestigationhad
tensionsintermediatebetweenthoseofthetwotypesofringusedin.
theworkreportedinreference2.

.-

Thetestsofreference2 Bhoweda morepronounceddecreasein
frictionduringtherunning-inperiodthanthetestsof.thepresent
investigation.It ispossible,that,

.-
intheenginewithwta crosshead,, ,

thecockingof thepistondiningrunningcausedtheri~ surfaces
graduallytobecomeslightlyconvex.Thisconvexityshouldfavorthe
formationofan oilfilmbetweenpistonringandcylinderwallwitha
resultingdecreaseof.friction.

A peculiareffectwaspro&ucedwhentheenginewasmotored.(See
.—

thepointsmarkedM infig.10.) Theringfrictionworkduringthe
compressionand”’expansionp%rtiof thecyclewasreduced,butthefric- .“
tionduringtheexhaustanQinletstrokestncrpaseds~i@tw._me.
reductionoffrictionduringtheexpansionpa@ of thecyclecanbe
explainedonthebasisofreducedgaspressuresbehindtheringswhen

..- .
combustionisabsent.A careful.examinationofenlargedfriction
recordsshowedthattheincreaseinmotoringringfrict~ondu@ng the
lowpressurestrokesof thecyclecould.notbe attributeddefinitely
toeitherstrokealone;a@arentlytherearemall increasesinfric-
tionduringbothstrokes.Theseincreasesmaybe duetoloweredoil
filmtemperaturesor’tochangesinsupplyordistributionoflubricant.

Examinationof thefrictionrecordsshowsthatthenaturalfre-
quencyofthemeasuringsystemishighenoughtogivea goodindication
of sleevemotionevenat theendsofthestroke,whereanabruptch~
inforceisevident.Thefactthatthereisa suddenchangeofcon-
siderablemagnitudeis”goodevidencethatthereis”-somsco~ombfric.-
tionwhenthepistonvelocityis”low.Theheightof thesevertical
discontinue.tiesisameasureofthebreakawayvalueof tiestatic
frictionbetween’ringandcylinderwallunderthevariouHconditions
ofengineoperation,.Thepresenceofthistypeoffrictionisprob-
ably,at leastInpart,thesourceoftheexcitationof thesleeve
vibrationsatnaturalfrequencywhichappear~B,allthe..records,Ex-
inationofrecordslG throughM (fig.22)willshow,however,that
theapparatusregisteredsomesleeveexcitationevenwhenmotoredwith
no pistonrings(cylinderheadremoved).ThecauseofthisOXCitatiOII
is undoubtedlythevariousmechanicalimpactsandgeneralvibrationof
theengine.

.~.. -.

9
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Therecordsoffigure19indicatethatthe
at theer.dsof strokeswaslesspronounce~when

U.

coulombfrictionforce
theenginewasthrot-

tled (2D) thanwheno~eratedwithfullthrottle(XII).RecordM?
(fig.21)showsthatthissuddenchangeinforceis smallerwhenthe
jackettemperatureis100°F thariwhenthejacketis operatedathigher
temperatures(records2F,3A,tid 4F),althoughthefrictionworkis
increasedatthelowertemperature(tableII endfig.23).

RecordslZ and 4E offigure”20indicatethatthebreakaway
frictionishighestforthelowestad ~ghestspeedsused,;while”the
intermediateenginesp.eetishowlowerV~UBS ofbreakanyfriction
(records2E and 3E). At thevery’lowestspeedtheSartialoilfilm
at theendof thestrokeiS probab~thinnerthanathigherspeeds.At
thehighestspeedthech~es in SUp@y EQIddistributionofoilplUS
the~ossibilityofhigherlocalfilmtemperaturesmaycombinetode-
creasethefilmthickness,witha consequentincreaseinbreekaway
friction.

.

EffectofIaad

Figure19 showsthefrictionrecordstakenwiththeengineoyerat-
ingat twoMfferentinletpressuresandfigure23 showsthecorre-
spondi~frictionmeaneffectivepresmxe. Thereductioninfriction
withlowerinletp~ssureisdue l~gelyto s~llerfrictionforces
duringthecombustionstroke.Thiseffectisprobablyduetoa reduC-
tioningaspressurebehindtheyistonrings.Theinvestigation
reporteainreference4 yieldeda s~lar res~t tienringloadingwas
varied,~

EffectofEngineSyeed

Theeffectonpiston-rir~frictionofv~ing enginespeedis
sho~ infigures20and23. Herethefrictionworkchangesin the
followingmanner:

fmep,
rpm exhaust-

inlet

fmep,
co3npres-
sio’n-
expansion

3.07
3.59
4.48

I I inlet expansio‘-d

800-1200- 1.7 I 1.4 1.16
120C?-1400 1.6 1.25
800-1400i:;;I 2.2 1.45

.



If theringsoyepatewithfluidfi.lmlubricationS@ constantfilm
thickneesad oil.viscosity,

T.
simplehydrodynamictheorywouldrequire

thatthefrictionworkincz%aseinp~oportiontothespeed.If the
ringsoyeratewithno lu%ricationlthefrictionworkshouldnotchange
withspeed.Thechsmgesin”worlsforthecompressionand”combuatio~
strokesap~ar tofallbetween~heselimits.‘Thereisindication,how-
ever.,thatthefrictionworkduringtheexhaustandinletstrokes
increasestoorapi~ with~geedfor,theconet~t-fluid-fi~theory.It
canbe supposed,therefore,thatwithincreasi~speedme filmthick-
nessduringthesestrokesisdecreased.Thisdecreaseisprobablydue
to Insufficientsupplyor distributionof lubricantonthecylinder
wall,althoughthereisaleothepossibilityof’increasedl“ocalfilm
temperaturssathigherspeeds.This”woulddecreasev~scosityandtend “S
todecrea~efilmthickness. , ~ ,

EffectofJacketTemperature

Theeffectofchangingthecylindercoolant

,--- . . .

;-,.

temperatureisshown
infigwes21 and 23. An increaseintemper~turefrom100°to200°F .
reducedthetotalringfrictionmeaneffectivepressurefrom7.64to
5.35. Theworkfortheinletandexhauststrokesdecreasedslightly
morethanthatofthehigh-pressurestrokesofthecycle.Thiseffect .
canbe attributedto decreasedviscosityof the oilon thecylinder
surface,andsuggeststhattheremaybemorenearlyfluidfilmlubri-
cationwhenthegaspressurebehititheringsis small.

Inevaluatingtheeffectsofchangesinload,syeed,andtempera-
ture,itiswelltorememberthatevenaftertheengip.ehadbeenrun
continuouslyforseveralhoursunder”constantconditions,therewere

-.

r~dom~ariationsinfrictionwhicharenotexplained(fig.10). This .
factrosyhavetendedtodistorttheactualvaluesoffrictionmeasured
whilea studyofothervariableswasbeingmade.Howev6r,thettinds
appeartobe reasonable.

OtherResults

Blowby.-Themeasurementsofblow-byrateundervariouscondi-
tionsofoperationshowa random-variation.(SeetablesI sndII.)’It
isnotsurprisinghowever,thatthelowestraterecorded.duringthe
entireinvestigationocc~redduringoyerationof theepgine~th low ““ ““ ‘
manifold~SSUre. Thereissomeevidencethatblow+y--islessatre–
ducedenginesyeeds(table11), Thisobservationisnot-acertainty,
however,becauseof thevariationsobservedduringoTerationunder .
“constant”conditions.

-.

.
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oilConsumption.-. me amountof oilwhichpassedby thepiston
ringsandwascaughtby theu~percrossheadoilseal.wasusually‘a
verysmallquantity- toosmall,infacttoyermi.ta veryaccurate
measuzzementbecauseoftherelativelylargeamountwhichclungto tie
engineparts,In thecaseof theporouschrome-~latedbarrel,however,
thequantitywaslarge.It isestimatedthattheamountwasprobably
10 timssthequantitywhichleakedpasttheringsduringoperationwith
theotherring-barrel%omhinationstested.

Figures24 to 31arephototicrographsmadefromrepli,casof the
ringandbarrelmaterialsusedinthetests.Theseshowthecondition
of thesurfacesat thebeginning,after1 hour,endafter10hoursof
running.Theraggededgesof theringphotographsdonotrepresent

.

.

theedgeconditionsof thering,butare
lacquerfihnwhenitwasliftedfromthe

dueto slighttearingof the
surface.

CONCLUSIONS

Undertheconditionsof thetestsreportedin thisinvestigation,
theresultsobtainedpointto thefollowingconclusions:

1.Piston-ringfrictiondecreasedslightlywithincreasingrunning
thne,thegreaterpartof thechangeoccurringduringthefirsthour.

2.Thecast-ironpistonringsoperatingina EWE4140barrelhad
thelowestfrictionof thecombinationstested.Thecast-iionringsin .
a porouschromebarrelhadthegreatestfuiction,andtheSAE4140bar-
rel.withonechrometopringhad~.ntermediatefriction..Thes8differ-
ences,however,weresmall.

3.Piston-ringfrictionincreasedwithenginesyeed.

4.Piston-ringfrictiondecreasedwithincreasedcylinderjacket
temperatures.

5.Loweringthemanifoldpressurereducedpiston-ringfriction.

6.Theoilflowpastthe~istonrhgs,fromthecylinderheadto-
wardthecrankcase,wasmuchlar~erwhentheenginewasopegatedwith
a porouschrome-platedlarrelahdallcast-ironringsthanduringo=
erationwiththeotherring-barrelcombinationstried.

SloanLaboratoriesforAircraftandAutomotiveE~ines,
k??ssachusettaInstituteofTechnolo~T,

Cambridge,Mass.,June18,1946.
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TABLEI.-RUN-IN=

(a)Winder, RAE4140; all rings, east iron

Piston ring frmp
(lb/sqin.)

- (C:lWM)

w Film lo8d average Rem?u?lm
(Illin) (lb) gym _B8i0- -m+

Oombustloninlet Total
roe

0 Indete*
mlaatel Start

IA 16.6 ---- 3.63 2.37 6.00 scJ31.eoffriction
1; a 17.7 ---- 3.73 2.33 6.06 records,2.06
24 % 17.5 ---- 3.59 2.08 5.67 lb/klns
33 17.4 ---- 3.54 2.11 5.65

: 17.7 -;&- 3.62 2.26 5.88
$ a ---- . 3.63 2.13 5.76 Endofl-howrun

~ - ~ ~ —
58 IndeteZ-

ndllate startof$4’Kmrm

85 7A 17.9 ---- 3.31 2.07 5.38
148 & 18.6 2.23 3.44 2.04 5.48

18.0 1.95 2.03 5.15 &aleoffriction
%? lE 18.0 1.90 ;:% 1.60 4.88 2.00

18.55 1.94 ~~b’
%$?

;.% 1.60
2.27 2.03 ;:Z

444 5 :: S.25 3::3 1.6g 5.=
504

[/
1.85

[1
(E) (2)

564 17:7 l.gg (2) (2)
595 (: 1.8.7 1.89 (:) (2) (2) Endofs410ur run
> . ,‘Aversgeblowb~forg-hourruu,2.07cu ft/hS.

%iotionreoordsspoiledInprooesslng.
Befolwl+mur run: After l+iour run = before g+our run:
C&llnderprofile-longitudinal14 C@.lnderprofile-longitumlal1-1.

mioroinchea miorolnohee

In-w Replloasmwisofrings,butnoother
Piston tension Profile
rings (lb)

meaeurmmntsmade,slmeringswerenot
q (tioroinohes)rexmedfrompiston.

kmmpression 0.03.2 22 Oil.-8_ burnedorvaporized.A
tiOIUJtXIBSiOIlM .OI.2 — few dropspassedthepistonrings
~oqpmssion .o13
hompr

‘z sadwerecaughtbyupperoilseal.
;:E .Ou 27

-r g+ourrun:

Oyklmlerprofile-loa21tU~~l5.5
microinohea

Diametm?d
Hatoxltension ~Qe
*S (lb) -P (microil’Aes)—
1 4.53 O.ou 10
2 4.a .Ox 8
3 4.97 .013 10
4 9.42 .013Hotmeasured

011.-?2gramsburnedor vaporized.— Approxim?Ae~10gramspassedthe
pistmrings.
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W 1.-Oontlnued
(b)C&tir. 2AEblkl; ring 1, ohrcm plated

PiEtenringfmep
Run- (O:w) (lb/sq in.)
m R’ilm 10-d wemga
tlim (lb) ailloe Ralusrka
(fin) pxwioua @fQ&e’::;: Ezhaus-&

Inlet Total
readlngl

o Inaeter-
Y9irkM4 start

8 m 17.3 ----- k28 2.16 6.34 Scalaoffrlotion
18 2E 17.8 ----- k.u 1.87 5.98 rOoOr&s,2.07
28 ~ $.: ----- 3.97 l.%1 5.e6 lb/Ma
39 ----- 3.89
50

1.77
3

5.66
18:0 -----

58 62
3.59 1.85

18.1
5.44

$2.23 3.68 1.85 5.53 Enliofl+lourrwl
— — — — — —
s 17.6 hlstar-

ml.11.8te start of~ow run

m 17.8 1.88
2

3.43 2.01 5.44
17.7 1.97

ml
3.47 1.90

: 18.o
5.37

2.15
242

3.& 1.93
102 18.3 2.04 3.!51 1.62 ;:E &sZeoffrlotion

%J m 18.o 2.20 ~;y 2.13 reooraa, 2.07
18.2 2.19 (2) M3 lb/line

@l w 18.0 2.24 4.13
lh

2.39 6.52
1L2 2.20

g
3.30 L.91

152 18.4 2.37
596 162

3*35 1.96
18.9 2.05 3.15 1.42

!:;
606 172 6.0 ----- 2.m 1.83 4.03 Ellacu*ollXZlln
1pmga blow-byfor%hourrun,2.15m ftjhr.
IHlmbroke- reoord lost.

.

.

Mom l-hour run: Afterl=hoor run = befcaa 9+3our run:

C&lindnrpa?lla - longitudinal13IIliorolmhesOylindsrgroflle-longitudiml9.0miorolmhes

l*carguessicul 4.4g o.021 *1OO
F%Mapression .OI.2

:%
27

3-ucw&Elldl .015 35
9.65 .015Notmanured

Oil.- IL - binnedorvaporlzadInl+murrun.— Afw &ops~ee~thepistonringssndwem
oaughtb~theugparoilseal.

Aftsr ~ our run:

OyMlder profile - longitudilml

(%ntral portion 7 miorokahee
Topportionk.+mlorotihes
Dlandmdl

Plst5n tension Profile
rings (lb) tioa.— (mloroinohee)

1 4.36 0.021 60
2 4.97 .o12 la
3 4.57
4

.015 10
10.30 .015 NotImamrea

Oil.- Appraimtte~ ~ gramsburymlor vaporized—
in 9-hmlrrun.
Approrhatdg 10gramsp,seedtherlnge.
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. Pistonringfmp
uun- (0-2) (1.b/aQIn. )
w F1l.in load

average
tliw (lb) einoe RexlELrks
(mIn) previousconrpres8ion-Exhaua+

Odmation Inlet~ Total
reading

o Indeter-
mtnata Stm?tofl+lourrun

16.6
2 z 17.4

% !1 Ii !:;

Soaleof frlotlon
3C 17.3

reoorda unoertaln

z 17.3 l:n (1) (1)
*

(:)
: 17.1 -----

58
(1) (1)

& 17.6 1.68 (1) (1) [11 Elldofl+mrrun
— — — — — — — —

6a 15.9 M3tar not (1) (1) (1) Star-t ofg+lowrlul
73 7C 16.5 -- 3.75 2.16 5.91
135 %3 17.1 Indeta+

ldnate 3.76 2.28 6.04
191 % 17.0 1.86 3.91 2.32 6.23
Q50 loo 17’.2 1./?9 2.3b &aled friotlon

::%
6.37

310 17.2 1.83 2.66 6.72 reoords, 1.94
3-P E 17.4 2.10 4.05 2.28 6.34 lb/ti
431 1.3c 17.3 1.83 3.8k 2.63 6.47

140 17.2 1.81
?1

3.63 2.69 6.32
150 17.4

598
2.10 3.60 2.W 6.40

la 17’..3 1.98 3.69 2.55 6.z!4

&& 17C ----- ----- 3.08 2.&l 5X8 Motdng
Endofg+lour run

~Callbratlon in dmtbt. Qualitatively sJI right.

Beforel+OWrun:

~Under profile - longitudinal95 mioroi.nohes

Dlalmtmal“
Pl13t.ontension Profile
As6!? J2L-QZ2 (miominohes)

l-oompresFJioxl 4.42 0.03.3 35
2QoIwprasBklp.c2 .o16 40
3-oCmpression4.87 .013 25
koraper 9.63 .0L6 Hotlwaauraa

After l-hour run . before g-sour run:

C&Underprofile- lon@tudlnal 55+ mlmoinohes

Replioae weremadaof rings but w other meas-
uxemnts wra muleshoe rings wre not remvecl
frompieton,

QQ.-316raULEb-d or vawrlzed. Theamount
whiohpassed the piston rings b be oaught
by the uppar oil seal was not mmmu’acl.

Cylinder profCLa - longitudinal4c-gcmiorolnohas

Dimmtral
Piston tension Profile
rw (lb) Gap (mioroinohes)—

1 4.3b 0.013
2 4.89

I-3
.016 18

3 4.75 .013
4

15
9.85 .OI.6 15

Oil.-66grwneImrnadorva~saa,
122grampassedtheringsandmm
oaughtbytheupperoilseal.
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l!4Eu 11.- EIIcmcu REmm8

[Cylinlbr, SAE WO, allElngE4,CaEltrmnl

C@hnler Mmlfolfl Piaii4nlringflmp=
h13& (lb/aQh.)

mn m
(d (lb) td%$~ ‘rh-% (Cuttjbr)- ~

abmlute) -am= -
Inlet

m 1200 17.4 l& 28 2.lg 2.37 ;.;: 6.75
2D 8.5 180 20
IE

1.08 2.06
31.O 19.7

5.49
180

.
-----

2E
----- ----- ____

800 17.0 I.&J 2 M? 1.23 3*W’ 4.30
3 18.o MO 28
a

2,06 1.74 5.33
17.1 m 2.43 2.74 ::Z

IF 2
7.22

1200 14.5 ----- 3.04 4.60
2P ti.8 28

7.64
1%) 2.16 2.28 3.86 6.14

3 12Qo 17.7 w 28
u

2.% 2.37 3.87 6.24
17.5 203 28 2.09 1.84 3*51 5.35

%cala of’ rrlc’tilm moonb5, 2.00 lb/llna.

-at~~a~=:

-tml
Plstcil tenakal

(lb)rlnga

l-ccmpresfdcul 4.67
%Xsgueet3icQl 5.I.3
%xmlreaamll 4.&3
braper 9.42

Eizwatemi ofaboverum:

Diamtml

PlOton tendon
Gsp (Yd%5%L) (lb) Gap (ml%&es)— —.

o.o17 45 l-oaapreaaical
.03.3

4.32 0.o17 8.
H-saltm

.015 ?5
5.00 .OI.3

3Qm41reBsion
10

.au
4.48 .o15 1.2

4130raper 9.32 .o11 14

krml~~titera~rma: 8-10ti. x10-
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Figure21.—Effectofcylinderjackettemperatureonpiston-ringfriction.
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pistonrings,andcylinderheadremoved.
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New lapped surface. After 1 hour, k%er10hours.

Figure 24.—Photomicrographs of surface replicas of SAE 4140 cylinder used in run A. (25 X ).
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New. After 1 hour. After 10 hours.

, Figure 25.—Photomicmgraphs of surface replicas of cast-iron rings used in run A. (25x).
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After 1 hour. After 10 hours.

F@ure 26,—Photomicrographs ofsurface replkas of SAE 4140 cylinder used in run B. (25 x ).



Top

2

9

.

New. Alter 1 hour. After 10 hours.

Figure 2’7.-Photomicrographs of surface replicaa of rings used in ruu B. Top ring k porous chrom~plated. (25 X ).



New honed surface. After 1 hour. After 10 hours.

Figure 2S.~Photomicrographs of surface replicas of porous chrome-plated cylinder used in run C. (25X).
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After 1 hour. After 10 hours.

Figure 29.—Photomicrographs of surface replicas of cast-iron rings used in run C. (25X),
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New lapped surface. After 1 hour. After many hours.

Figure 30.—Photomicrographa of surface replicas of SAE 4140 cylinder used in runs D, E, and F. (26X ).
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Figure 31.—Photomicrographs of surface replicas of cast-iron rings used in runs D, E, and F. (26x).


